Abstract. Eugene Wigner pointed out very interesting consequences of quantum physics in elegant gedanken experiments. As a result of technical progress, these gedanken experiments have become real experiments and contribute to the development of novel concepts in quantum information science, often called the second quantum revolution.
Introduction
Early quantum mechanics was signified by a very lively debate about its experimental consequences and its conceptual and philosophical implications. In these discussions, gedanken experiments played a significant role. This was because due to experimental limitations at the time, it was not possible to perform experiments with individual quantum systems. That has changed over the years, and now, such experiments have not only been performed, but have become a cornerstone of the second quantum revolution [1] .
The first quantum revolution brought explanations of many fundamental phenomena, like atomic physics, solid state physics, magnetism etc., through quantum mechanics. Recently, many of the early gedanken experiments became possible, which opened up a new avenue towards quantum information technology. This is sometimes called "the second quantum revolution".
I had the privilege to personally meet Eugene Wigner at the occasion of the conference "New Techniques and Ideas in Quantum Measurement Theory" which was organized in his honor by Daniel Greenberger in 1986. Wigner not only worked on basic issues in quantum mechanics, but he also had a strong interest in conceptual foundations.
Wigner and superposition and the measurement problem
In a paper published in American Journal of Physics in 1963 entitled "The Problem of Measurement" [2] , Wigner first discusses the gedanken experiment which involves the difference between the superposition of states and statistical mixtures. The essence of his proposal was realized many years later in neutron interferometry [3] .
Wigner starts with the quantum state describing both an apparatus and a system: Here, the left-hand side describes the initial quantum state of apparatus and system, where a is he initial state of the apparatus and σ describes the system state. The system is considered to be in one of its possible eigenstates, in a well-defined state ߪ ఔ , with ߥ signifying the specific initial state of the system. Following Wigner, due to the interaction of the apparatus with the system, we arrive at a state where the apparatus is in the specific state ܽ (ఔ) . So the complete system is in the product state shown on the right-hand side of Equation (1) . So far, nothing surprising has happened.
Yet, Wigner now considers that the system is initially in the superposition state
where ߙ ఔ are now the amplitudes for the system to be in the specific state ߪ (ఔ) . Clearly, such a state is completely legal for the quantum system, and the initial state is again the product state of the apparatus ܽ with now the superposition as shown on the left-hand side of Equation (3):
Again following Wigner, due to interaction between the apparatus and the system, the state on the right-hand side is obtained where ܽ (ఔ) is now a specific apparatus state corresponding to the specific system state ߪ (ఔ) . Clearly, that state is a highly entangled quantum state, with neither apparatus nor system enjoying a well-defined specific state on their own. But, as Wigner argues, observation of that state yields a specific result. Therefore the final state now is
Certainly, that state is just a product state corresponding to the specific result obtained. As Wigner shows, the transition from the entangled state to the specific output state cannot be described within quantum mechanics.
Interestingly, the realization of that gedanken experiment had to wait until 1983, when it was performed in the group of Helmut Rauch in Vienna [3] with a neutron interferometer. Fig. 2 shows the experimental setup: Figure 1 . Experimental test of spin superposition. The two output beams of a neutron interferometer are equalamplitude superpositions of orthogonal spin-up and spin-down states and therefore lie in the horizontal plane. The specific angle of the polarization vectors can be rotated by a nuclear phase shift inside the interferometer. Also, not shown here, a measurement of spin along the vertical axis leads up or down, which corresponds to the specific result obtained (from [3] ).
The idea of the experiment is rather straightforward. We start with a neutron beam, which is spinup, and then split it into two beams, beam I and beam II. Then with a spin flipper, the spin in beam I is flipped to pointing downwards. This is exactly the situation in the Wigner gedanken experiment. When in the final beam splitter the two spins are superposed, according to orthodox theory (following Wigner's naming), the resulting spin should then point horizontally.
It turns out that the two emerging beams, the forward beam and the deviated beam, after the interferometer both have horizontally pointing spins, but rotated with respect to each other by ߨ. This is a consequence of the unitary operation of the interferometer. In addition with the phase shifter put into one of the two beams, one can rotate both beams in the x-y plane.
The experiment completely confirmed that the spins were pointing in the horizontal direction. Therefore, the output beams cannot be considered to be just a statistical mixture. This experiment transformed Wigner's gedanken experiment into the realm of reality and underlines the significant difference between a coherent superposition of orthogonal states and a statistical mixture. It should be noted that by now, this phenomenon has become a standard in many experiments performed with many kinds of quantum states, for example also atoms or ions, in many laboratories world-wide.
Wigner and Einstein-Podolsky-Rosen
In the same paper of 1963 [2] , Wigner considered an Einstein-Podolsky-Rosen type state [4] . As is well known, that state is entangled both in position and in momentum. Again, the question is whether, as prescribed by quantum mechanics, the state has to be seen as a superposition of momentum (or position) states of the two particles, or if it would be sufficient to just see it as a statistical mixture. Wigner writes:
"It would be wrong … to say that even before any measurement, the state was a mixture of plane waves of the two particles, travelling in opposite directions. For no such pair of plane waves would one expect the correlation of angular momentum just described."
A most recent confirmation of the fact that in such an entangled state, one does not have a mixture of the individual plane waves, was an experiment where entanglement of high orbital angular momenta was obtained [5] . In that experiment, one converts the polarization state of two photons 
using spatial light modulators into the orbital angular momentum entangled state
where l is the topological charge of an orbital angular momentum state [6] . In the experiment, it was possible to project the orbital angular momentum states onto superpositions of +݈ and −݈, with topological charges up to 300. Orbital angular momentum states can be seen as superpositions of many plane waves.
Thus our result confirms that we observe entanglements between rather intricate superpositions of plane waves. The observed high-visibility entanglement would clearly not have been possible if the states had just been mixtures of plane waves of the two photons.
Wigner and Bell's Theorem
Wigner was also one of the first physicists interested in Bell's theorem. In a paper entitled "On Hidden Variables and Quantum Mechanical Probabilities" published in 1970 in the American Journal of Physics [7] he provided some fundamental insights and also a novel proposal for an experiment. In that paper, Wigner considers the entanglement of two spin-½ particles just like John Bell did [8] , but discovers that correlations between three measurement directions would lead to a more intuitive argument against hidden variables.
The question Wigner raises is whether the following equation can be true: 
Here in the top line, we have the states expressed in hidden variables, ߪ for particle 1 and ߬ for particle 2. The three entries correspond to three possible directions of a Stern-Gerlach magnet. For example, ߪ ଶ would indicate a result of +1 or −1 for the first particle along the chosen direction 2, and ߬ ଶ would correspond to the result +1 or −1 along the same direction 2 for the second particle.
For the specific case of considering + results for the first particle along some direction 1 and + results for the second particle along some other direction 3, one has to sum over the unseen results along the here unmeasured direction 2 if one considers a hidden variable model. Thus, the remaining terms in the sum can just be the two terms shown in the second line of the equation above. Then, quantum mechanics prescribes that the correlations between two arbitrary direction settings for the first particle and the second particle should follow the sign squared rule as given in the third line, where ߴ ଷଵ is the angle between the two measurement directions 1 and 3. Wigner then shows that this equation cannot be fulfilled for all arbitrary directions and arrives at a new inequality, which improves the original Bell inequality from a conceptual point of view.
As Wigner writes, the conclusion is that his argument "… shows that a description of the quantum mechanical measurement of the spin components of these two particles by means of hidden parameters is impossible if we assume that the parameters determining the outcome of the measurement of the spin of each particle are independent of the direction in which we decide to measure the spin of the other particle."
There have been a number of experiments aiming at showing that the violation of this independence cannot be due to some unknown communication between the two measurement setups or between the two particles. The situation is most striking if one considers entanglement swapping [9] , that is, the teleportation of an entangled state [10] . Most significantly, Asher Peres has added an interesting twist to the discussion by suggesting delayed-choice entanglement swapping, that is, delayed teleportation of an entangled state [11] .
The experiment proceeds as follows: One starts with two entangled pairs from EPR Source I and EPR Source II. Let us assume for simplicity that these are photons entangled in polarization. Then, entanglement swapping in principle is the idea to project one photon from each pair (2 and 3 in Figure  2 ) onto an entangled state, and therefore the entanglement is transferred to the other two photons 1 and 4 of each entangled pair. Thus, photons 1 and 4 that have never interacted or have not come from a common source become entangled. The additional point suggested by Peres is to measure the two outer photons at some earlier time and then, at some later time, after the outer photons have been registered, to decide whether photons 2 and 3 ( Figure 2 ) are projected onto an entangled state or measured separately. Thus, at a later state, one can decide whether the already registered photons 1 and 4 were entangled or not.
It is certainly most interesting to delay the choice of whether photons 2 and 3 are projected onto the entangled state or not to a time after the other two photons have already been registered. Such an experiment was realized by Ma et al. [12] .
In the experiment, two pairs of photons, 1-2 and 3-4, were created by parametric down-conversion. Photon 1 and photon 4 were subjected immediately to polarization measurements, and the results were recorded. Photons 2 and 3 were delayed in a glass fiber and then sent into a Mach Zehnder interferometer. In the Mach Zehnder interferometer, the final outgoing beams can be superpositions of the two inputs, or they can correlate perfectly with the inputs depending on the internal phase. If the internal phase of the interferometer is a multiple of ߨ, then there is a one to one correspondence between one of the two input ports and one of the two output ports. Therefore, measuring of the Thus, in that case, if we have two input photons and register one photon in each output, the two incoming photons are projected onto the antisymmetric entangled state ߰ ି and, if the two photons are registered with different polarizations but in the same output, the incoming state is projected into the entangled state ߰ ା [13, 14] . In the experiment, the internal phase was set in the last instant using electro-optical modulators driven by a rapid quantum random number generator.
As the experimental results clearly demonstrate, the two already registered photons are entangled if the two inner photons are projected onto an entangled state, and they are not entangled if they are measured individually. This is confirmed by using a special entanglement witness, which in essence consists in observing the correlations in three mutually unbiased bases. The experiment may also be seen as a confirmation of Wigner's view presented above. 
Conclusion
It would be fascinating to know Eugene Wigner's reaction to the fact that the gedanken experiments he discussed have not only become reality, but building on his gedanken experiments, new ideas have developed which on the one hand probe the foundations of quantum mechanics even deeper, and which on the other hand also provide the foundations to the new field of quantum information technology. All these experiments pay homage to the great insight Wigner expressed in developing these gedanken experiments and in his analyses of the foundations of quantum mechanics, as for example also presented in his 1976 talk at Eötvös University [15] .
